Between 60 and 70 million people in the United States are affected by gastrointestinal disorders. Many of these conditions are difficult to assess without surgical intervention and accurate noninvasive techniques to aid in clinical assessment are needed. Through the use of a superconducting quantum interference device (SQUID) gradiometer, the weak magnetic field generated as a result of muscular activity in the digestive system can be measured. However, the interpretation of these magnetic recordings remains a significant challenge. We have created an anatomically realistic biophysically based mathematical model of the human digestive system and using this model normal gastric electrical control activity (ECA) has been simulated. The external magnetic fields associated with this gastric ECA have also been computed and are shown to be in qualitative agreement with recordings taken from normal individuals. The model framework thus provides a rational basis from which to begin interpreting magnetic recordings from normal and diseased individuals.
Introduction
The gastrointestinal (GI) system is essentially a long conduit connecting the mouth to the anus through which consumed food enters, is broken down and digested. The nutrients are then extracted and the waste is expelled. An intricate arrangement of nerves, smooth muscles and interstitial cells of Cajal (ICCs) control the many muscular contractions that propel the contents through the GI tract. In the stomach, contractions normally begin in the mid stomach and move towards the gastroduodenal junction, through which some contents pass, but from which most of the contents of a given contraction are propelled back into the body of the stomach. This retrograde propulsion helps mix and break down the contents before they eventually enter the small intestine. Once in the small intestine, various sequences of contractions control the continued mixing and movement of the contents. In the fasting state between meals, strong waves of contraction (known as the migrating motor complex) spread aborally through the small intestine taking approximately 1.5 h from the duodenum to the ileum, after which another such contraction begins. Once in the large intestine, further contractions occur continuing the net aboral movement of contents.
As with all muscles, electrical action potentials initiate each muscular contraction. However, not every electrical impulse in the GI tract gives rise to a contraction, and hence these impulses are not considered to be a true action potential. Both the stomach and small intestine have an omnipresent electrical impulse, termed as the slow wave or electrical control activity (ECA), whose frequency is dependent upon location. In the stomach, normal ECA has a frequency of 3 cycles per minute (cpm), whereas this frequency varies between 8 and 12 cpm in the small intestine .
The electrical activity of the stomach can be recorded with cutaneous electrodes giving rise to what is termed the electrogastrogram (EGG). This was first recorded by Alvarez (1922) from 'a little old woman whose abdominal wall was so thin that her gastric peristalsis was easily visible' (Smallwood and Brown 1983) . It was independently discovered again by Davis et al (1957) but it was not until 1975 that the gastric origin of the EGG was conclusively demonstrated (Brown et al 1975) . In the last 25 years much has been learnt about the electrical activity of the stomach, and research into the relationship between gastric electrical activity and the EGG has recently substantially increased. This research has also resulted in significant advances in the study of intestinal ECA, but the cutaneous recording of intestinal potentials continues to be problematic.
Recently it has been shown that it is possible to measure, through the use of a superconducting quantum interference device (SQUID) gradiometer, the weak magnetic field generated as a result of muscular activity in the digestive system (Richards et al 1996 . Although the gastric and intestinal origin of these magnetic fields has been demonstrated (Bradshaw et al 1997) , their interpretation in terms of underlying GI activity is challenging. Between 60 and 70 million people in the United States alone are affected by gastrointestinal conditions (Everhart 1994) . Many of these conditions are consequences of abnormal electrophysiological behaviour but are difficult to assess without surgical intervention. Thus, there is a need to develop accurate noninvasive techniques to aid in the clinical assessments of GI disorders.
Since the late 1960s, slow wave propagation in the GI tract has been the subject of several mathematical models (Aliev et al 2000) . The majority of these models can be divided into two general categories, those that model the stomach as coupled relaxation oscillators and those that attempt to model the underlying physiology. In 1968, Nelson and Becker suggested that a chain of relaxation oscillators could simulate the electromechanical activity of the small intestine (Nelsen and Becker 1968) . During the early 1970s, Sarna et al developed this idea further by using an array of bidirectionally coupled oscillators to simulate different aspects of GI activity (Sarna et al 1971 , 1972a , 1972b , Sarna and Daniel 1973 . More recently the relaxation oscillator approach has been continued by coworkers (Bardakjian and Sarna 1980, Hanson et al 1990) who have been able to model gastric frequency disorders using coupled oscillators. Wang and Chen (2000) coupled an oscillator to an electric circuit model to model the effect of gastric pacing on the oscillatory system. While this approach is able to reproduce many of the features of the gastric slow wave, there appears to be no strong link between the observed behaviour and the underlying physiology that is causing the behaviour.
Biophysically based modelling attempts to include some of the detailed physiology but has traditionally been limited in this area by the complexity of the system. However, as shown in the cardiac area, much of the complexity can be dealt with (Clancy and Rudy 1999) . This allows the path between an observed behaviour and the underlying physiology to be better elucidated. In an early study, Mirizzi et al (1985 Mirizzi et al ( , 1986 modelled the electrically active areas of the stomach as a cone. By using a moving band polarized by electric dipoles to represent lumped gastric electrical activity, the possibility of reproducing gastric electrical activity was investigated. More recently Familoni et al created a mathematical model of gastric electrical activity using a series of periodic coupled sources within a cylindrical volume conductor (Familoni et al 1995) . In that study cutaneous EGGs were generated and compared to experimental recordings. Rashev et al (2000) created an anatomically detailed model of the GI tract, in particular the colon, to model smooth muscle electromechanics but omitted many of the fine level biophysical details. Miftakhov et al (1999) created a very detailed model of a single GI cell but made no distinction between smooth muscle cells and ICCs. To the author's knowledge, there is no study combining such a detailed model with an anatomically accurate gastric geometry.
To date, only relatively simple models have been used for simulating the electrical activity of the GI system in the abdomen. These volume conductor models do not include realistic anatomical information and model the abdomen as a homogeneous volume conductor. Very few (if any) such models have been developed to simulate the MGG. In the cardiac field, it has been shown that geometry has a large influence on body surface recordings (Bradley et al 2000) and we believe a realistic geometry will be required to generate accurate EGG and MGG signals.
We therefore seek to provide a greater understanding of the relationship between GI cellular level activity and the resultant external magnetic fields. To that end, we have begun developing anatomically and biophysically based models of the human GI tract and have been using these to simulate external magnetic fields. One initial aim of this work is to simulate the external magnetic activity arising from normal GI electrical activity, with a focus here on gastric ECA.
Presented herein is a brief description of the acquisition of magnetic recordings from healthy individuals, together with examples of recordings obtained from this procedure. We then describe the anatomical and mathematical models used for simulating electrical activity from the cell level all the way to the torso surface. Simulations of normal gastric ECA and the resultant changing magnetic fields are presented. A qualitative comparison is then made between these and real SQUID recordings.
Magnetic recordings
Recordings of the magnetic field associated with the electrical activity of the stomach and the small intestine have been described previously in Bradshaw et al (1997) , Petrie et al (1996) , Comani et al (1992) and Allescher et al (1998) . Many of these first recordings of human and animal GI magnetic fields were performed in a laboratory at Vanderbilt University. That research group has also studied several diseased states, specifically mesenteric ischemia (Bradshaw et al 1997 , Hegde et al 1998 , Seidel et al 1999 and gastroparesis. Present day recordings at Vanderbilt are performed using a Tristan 637i 37-channel flat-bottomed SQUID gradiometer optimized for abdominal measurements. The sensors are located in a circular fashion with 19 channels devoted to recording gradients of the magnetic fields in the plane perpendicular to the abdomen, while the other channels record two orthogonal components of the magnetic field gradient in the plane parallel to the abdomen. The recording protocol consists of a given individual lying under the SQUID which is housed in a magnetically shielded room. Respiration monitors are attached to the individual, and recordings are acquired during periods of suspended respiration. Artefacts associated with cardiac activity are subsequently removed-since GI electrical activity occurs at a significantly lower frequency than the heartbeat, this process is usually straightforward. When studying diseased states, continuous recordings are made preprandially for 30 min and then postprandially over at least a 60 min period with several periods of suspended respiration. Figure 1 shows a photograph of the recording device with a volunteer underneath. For all recordings, the subject is imaged while lying in a supine position with the SQUID suspended vertically over the abdomen. Figure 2 shows a sequence illustrating the changing magnetic gradient at several instances during one slow wave (recordings obtained from a healthy normal male). In the frequency analysis plot shown in figure 2(d), a dominant component at 0.05 Hz (3 cpm) is clearly evident, corresponding to the gastric ECA.
Human gastrointestinal model
An initial model of the human gastrointestinal system has been created from photographic slices from the visible human data set (Spitzer et al 1996) . Details of the model development have been described in Pullan et al (2003) . In brief, the components of the gastrointestinal system were digitized from the images, creating over 60 000 data points. From these digitized points, surface and volume meshes of the stomach and intestine were fitted to sub-millimetre accuracy. An illustration of this model is given in figure 3 , together with an enlarged view of the components of the gastric model. Specifically represented are the longitudinal and circular smooth muscle layers, with appropriate fibre orientations, separated by the layers of ICCs-the myenteric layer (ICC-MY) and the septa layer (ICC-SEP).
A continuum modelling approach was used for simulating the electrical activity of the GI tract. The bidomain model, widely used in simulations of cardiac electrical activity (Plonsey and Barr 1987, Lines et al 2003) , was used to represent the transmembrane and extracellular potentials in the active tissues of the stomach and intestine. These equations are In the upper panel of (d), the horizontal axis is time (seconds, measured from the beginning of recording) and the vertical axis is the signal recorded by the SQUID (mV). In the lower panel of (d), the horizontal axis is frequency (Hz) and the vertical axis is signal power (mV 2 Hz −1 ).
(a) (b) (c) Figure 3 . (a) The skin surface enclosing the esophageous, stomach, small and large intestines where the components of the digestive system were created from digitized images from the visible man project (Spitzer et al 1996) . (b) An enlarged view of the stomach with a high resolution mesh created over the finite elements that define the stomach geometry and (c) is an enlarged view of layers and muscle fibres on that stomach. Specifically modelled are the longitudinal and circular muscle layers separated by the ICC-MY (myenteric) and ICC-SEP (septa) layers (Hirst 2001) .
summarized in equations (1) and (2)
where the subscripts 'i' and 'e' represent properties of the intracellular and extracellular domains, respectively. The σ terms are tissue conductivities (which in general will be tensors), the ϕ terms are potentials, the V m term is the transmembrane potential (the potential difference across the cell membrane), A m is the surface to volume ratio of the membrane and C m is the membrane capacitance. Individual cellular models are able to plug directly into these equations through the I ion term in the first equation. At a fine scale, each cellular model is able to incorporate complex subcellular processes. Using this geometric model, these equations are solved using either the finite element based finite difference method or the structured finite element method , Hooks 2002 ). An illustration of a high resolution mesh that has been defined over the stomach geometry is given in figure 3(b) . A modified Fitzhugh-Nagumo (FHN) model (Fitzhugh 1961 , Aliev et al 2000 was used to model the electrical activity of the muscle cells and ICCs, since this currently appears to be the most advanced model that explicitly differentiates between the different cell types (ICCs and smooth muscle). The cellular equations are based on a normalized transmembrane potential u that varies from 0 to 1 and a single recovery variable v. These equations are
where k is the maximum membrane conductance, a is the normalized threshold potential, ε controls the excitability of the system, γ is the recovery rate constant and β is used to shift the cellular equilibrium from an excitatory to an oscillatory state. The smooth muscle and ICC layers were coupled through a scaled potential gradient with a diffusion coefficient of 0.03. Outside the active tissues of the GI tract, a generalized Laplace equation describes the current flows within the passive tissue regions,
Here the subscripts 'o' denote quantities outside the active region. The extracellular domain described by equation (2) is directly coupled to the external passive regions (governed by equation (5)) through continuity of potentials and currents. The final equation in this model takes the electric fields as an input and then calculates the magnetic field generated by the electrical activity. The magnetic field B is governed by the static Maxwell's equation
where µ 0 is the permeability of free space and the electric current density, J, consists of two components. The first is the contribution of the primary current sources J p , in this case a function of the transmembrane potential gradient, and the second is the contribution due to the resistive nature of the passive torso organs These equations are solved using the finite element and boundary element meshes that are used to model the passive electric fields. A typical solution then consists of four sets of calculations that must be performed at each time step. First the cellular terms are updated throughout the active region. Next the transmembrane and extracellular potentials are calculated from the cellular terms and known diffusive properties. The equivalent gastric dipolar sources are created and the passive torso problem is then solved to calculate the electric field throughout the torso. Finally, this electric field is used as an input to the calculation of the magnetic field. The numerical procedures described above to calculate the electric field using coupled C 1 continuous finite element and boundary element procedures have been well documented previously (Bradley et al 1997, Bradley and Pullan 2002) .
Using this equation set, the resultant electrical activity at electrodes on the body surface and magnetic sensors placed above the body surface can be determined from the (continuum) cellular level activity. The numerical accuracy of this model framework has been previously demonstrated in a number of tests . We seek here to perform full 3D simulations of the gastric ECA, and provide a comparison between simulated and measured activities.
Results
Simulations on tissue blocks and strips of gastric tissue have determined the appropriate spatial and temporal resolutions. The anatomical and computational models of the full stomach used here in the simulations had a total of 432 nodes, 320 elements and 566 656 grid points with average spatial resolutions (distance between grid points) of 1.06 mm, 0.84 mm and 0.33 mm in the three principal directions (ξ 1 (circumferentially), ξ 2 (longitudinally) and ξ 3 (transmurally)), respectively. These length scales are small enough to provide close to a converged solution to the governing equations while retaining a problem size that is computationally feasible to solve. The parameters in the cellular equations (3) and (4) were chosen to match published serosal recordings of gastric ECA (Bauer et al 1985) . The values used are given in table 1.
Gastric ECA is initiated in the upper part of the corpus and progresses down to the pylorus. This activity spreads rapidly from the greater curvature in the circumferential direction, circling the stomach before the wave has progressed far distally. To simulate this anisotropic behaviour, the excitation parameter, ε, varied spatially in the three principal directions. Figure 4(a) shows a slight increase in the excitation parameter in the ξ 1 direction at the greater curvature (distance = 7) to localize the dominant pacemaking region. Figure 4(b) shows the very low excitability values in the fundus (distance = 0) followed by excitable tissue in the proximal corpus (distance = 2) and a gradual decrease in excitability moving down to the terminal Figure 5 . This function was multiplied by the fibre conductivity of 0.555 mS −1 mm −1 to obtain the smooth muscle fibre conductivity used in the simulations as a function of distance along the stomach. A normalized distance of zero was set to be at the oesophaged sphincter and a normalized distance of 8 was located at the pyloric sphincter.
antrum (distance = 8). The excitation parameter in the transmural (ξ 3 ) direction was set to a constant value of 0.86 in the myenteric ICC layer and a slightly lower value of 0.84 in the septa ICC layer. The final value of the excitation parameter was then found at each grid point by multiplying the variations in each of the ξ directions, i.e. ε(
Experimental data have also shown that conduction velocity increases as the ECA moves distally along the stomach (Familoni 1987) . To capture this behaviour, the intracellular conductivity in the preferential fibre direction varied spatially along the length of the stomach in the smooth muscle layers according to the curve in figure 5. This curve (σ (ξ 2 )) was then multiplied by 0.555 mS −1 mm −1 to obtain the intracellular fibre conductivity. With the assumption of transverse isotropy, the intracellular conductivity orthogonal to the fibres was set to 0.3 mS −1 mm −1 . The ICC layers were assumed to be isotropic with a conductivity of 0.043 mS −1 mm −1 . In all layers, the extracellular conductivity was set to be isotropic with a value of 0.2 mS −1 mm −1 and the bidomain equations were solved with a time step of 0.02 s.
The resting membrane potential and the peak potential were altered in the layers in accordance with the experimental data from Horiguchi et al (2001) and Bauer et al (1985) who showed that the resting membrane potential is lower in the regions with dense ICC networks. In the smooth muscle layers, the resting membrane potential was set to −60 mV with a peak potential of −38 mV and in the ICC layers the resting potential was set to −73 mV with a peak potential of −32 mV. The process of solving the complete system of equations to obtain the external magnetic fields for 240 s took approximately 24 h of . Simulation results at four time points during wave of gastric ECA. The left column of images shows the transmembrane potential distribution on the outer surface of the stomach coloured by the scale bar below the images. The middle column of images shows the potential distribution on the body surface arising from the gastric activity and the 19 channels of the SQUID sensor, together with simulated magnetic field gradients (illustrated as vectors whose length has been scaled by the magnitude of the gradient). The right column of images shows a unipolar potential trace (scale in mV) from the front of the torso surface over the stomach along with a time marker for the images in a given row.
computation time on eight processors of an IBM Regatta P690. To date, no significant effort has been made to optimize the solution process and it is believed that a solution time of less than 10 h on this computer is achievable. Figure 6 shows the results from the model at four instances in time. The images in the left column show the transmembrane potential on the outer surface of the stomach while the images Table 2 . Summary of simulated model parameters compared to published values that have been determined experimentally. The results from Familoni et al (1987) are indirect measurements while the other sources are direct tissue measurements. Here LM is the outer longitudinal muscle layer, CM1 is the middle circular muscle layer and CM2 is the inner circular muscle layer. :10.7 in the middle column show both the torso surface potential and the magnetic field gradient vectors above the torso. These magnetic gradients were calculated at the location of the magnetic sensors that were used experimentally to produce figure 2. In both the experimental and simulated cases, the gradient was calculated using a simple finite difference approach with pairs of two vertically aligned sensors 50 mm apart. The right-hand column of images in figure 6 shows temporal traces of the unipolar electrical signal (reference in the middle of the base of the torso) from a simulated torso electrode over the stomach on the torso surface. Performing a power spectrum analysis on these signals shows a very clear dominant frequency of 0.05 Hz or 3 cpm as is observed experimentally in normal human subjects . From these simulations, conduction velocities and other parameters were computed and compared to experimental observations. A summary of these comparisons is given in table 2.
Discussion and conclusions
We have simulated the far field electrical and magnetic activity arising from the electrical activity within the digestive system using an anatomically based model of the human gastrointestinal system. Information from the visible man was used to develop the anatomical model. The bidomain equations were used to model the electrical activity of the stomach, and far field magnetic gradients, comparable to those measured by SQUIDs, were computed.
As far as possible, model parameters were determined from available published sources although there is a notable lack of data available from human subjects. Using these parameters, simulations of gastric ECA were performed. The frequency of these waves (3 cpm, 0.05 Hz) agrees well with the previously published data and the SQUID data presented here. The conduction velocities from the simulations were higher than the only published values we have found from humans but it should be noted that the published data (Familoni et al 1987) were gathered indirectly in contrast to the direct tissue measurements taken from the model and the other experimental sources (Horiguchi et al 2001 , Bauer et al 1985 . The velocities are either within or lower than those reported for canines, which show a wide range of values. Further recordings from human gastric tissues are thus required before one can draw many conclusions about the appropriateness of the simulated conduction velocities.
We have presented here both recordings of the magnetic field arising from gastric ECA in a normal human (figure 2), and simulations of this activity (figure 6). It is difficult to perform a quantitative comparison between these two sets for a number of reasons. Firstly, no surface electrical recordings were made during the SQUID recordings, making temporal alignment of the results from figures 2 and 6 difficult. Secondly, the geometry for the simulations was obtained from a model constructed using the visible man data, rather than from structural images of the volunteer from which SQUID recordings were made. It is entirely possible to create patient specific models, using CT or other images of that patient, but such data were not available here. Thirdly, the exact location of the SQUID sensors with respect to the patient's anatomy is not currently being recorded and only quantitative positioning of the SQUID over a patient is currently achieved with the manual positioning of the patient and SQUID. Simulation studies aimed at determining what effect geometry and body composition has on EGG and MGG signals are currently in progress.
Despite these restrictions, the data of figures 2 and 6 have some qualitative features in common. Panels (b), (c), (e) and (f ) in figure 2 correspond to early, mid and late activity of an ECA wave as determined by the surface magnetic field. The vertical magnetic field gradients shown are generally small in (b) and appear mostly inward (towards the patient). Those in the lower right (patients left) quadrant begin pointing away from the patient in (c) and are at their largest in (f ). In figure 6 we see similar behaviour. The activity of the middle and lower quadrants moves from largely inward facing to outward facing as one moves down the figures. Due to uncertainties associated with the baseline of the SQUID recordings, it is not possible at present to directly compare the magnitude of the recorded and simulated magnetic field gradients. From the simulated EGG on the right-hand side of figure 6, one can deduce that the vertical images represent most of a single slow wave moving from early to mid to late activity. The left-hand sequence of images shows the transmembrane potential field on the stomach surface and it is interesting to contrast how this correlates with the body surface far field activity. The 'early' activity, as described by the EGG corresponds to a fully developed single slow wave. As this wave moves down the stomach ('mid' activity), another wave begins to appear and the 'late' activity sees the end of one slow wave at the pylorus with the second wave now fully developed.
The model presented here clearly has limitations. The description of the cell level activity is clearly an oversimplification, and much work needs to be done to provide a better cell model of gastric smooth muscle and ICC. Our simulations also show variation between the conduction velocities in some of the published data. However, many aspects were successfully replicated, including the frequency dynamics and some of the features of the far field magnetic gradients. In parallel with this work developing an accurate forward model, we have begun investigating the inverse problem of reconstructing the gastric current distribution from both simulated and experimentally recorded data. We therefore believe this model shows great promise and can begin to provide the basis of a new diagnostic tool for investigating both normal and abnormal gastric activities. R01 DK058197. The last author currently holds a James Cook Research Fellowship, and is grateful to the Royal Society of New Zealand for this funding.
